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The initial conditions of the Universe

The initial seeds have been so far modeled as a Gaussian random field out of mathematical convenience....
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Outline:

1. What is primordial non-Gaussianity?
2. Non-Gaussianity from gravitational instability
3. Effects of primordial non-Gaussianity on the large-scale structure
4. Current and future constraints 
5. Cosmology and more with the eROSITA X-ray telescope

δ

lo
g(

N
)

δ

Mpc h^-1
M

pc
 h

^-
1



Annalisa PillepichPrimordial non-Gaussianity with eROSITA Berkeley, December 9, 2011

Gaussian vs non-Gaussian Random Variable

For a GAUSSIAN RANDOM VARIABLE
the second moment contains ALL the 

information 

For a RANDOM VARIABLE with a NON-
GAUSSIAN DISTRIBUTION

higher-order moments are a priori not vanishing 

 Variance σ2 (measure of spread)  Variance σ2 (measure of spread)

Skewness γ1=μ3/σ3 

(measure of lopsidedness)

Kurtosis γ2=μ4/σ4 - 3 

(measure of "peakedness")

.....
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Gaussian vs non-Gaussian Fields

For a GAUSSIAN RANDOM FIELD
the 2-point correlation function contains ALL the 

information 

For a NON-GAUSSIAN RANDOM FIELD
higher-order point functions are a priori not 

vanishing 

 2-point Correlation Function ξ2(r)

.....

 2-point Correlation Function ξ2(r) 

 3-point Correlation Function ξ3

 4-point Correlation Function ξ4

Let g(x) = δm, Φ, δTCMB, ... 
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Gaussian vs non-Gaussian Fields

For a GAUSSIAN RANDOM FIELD
the 2-point correlation function contains ALL the 

information 

For a NON-GAUSSIAN RANDOM FIELD
higher-order point functions are a priori not 

vanishing 

 Powerspectrum P(k) Powerspectrum P(k)

Bispectrum B(k1,k2,k3)

Trispectrum T(k1,k2,..)

.....

Let g(x) = δm, Φ, δTCMB, ... 
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Powerspectrum P(k)

Bispectrum B(k1,k2,k3)

Trispectrum T(k1,k2,..)

.....

Gaussian vs non-Gaussian Fields

For a GAUSSIAN RANDOM FIELD
the 2-point correlation function contains ALL the 

information 

For a NON-GAUSSIAN RANDOM FIELD
higher-order point functions are a priori not 

vanishing 

 Powerspectrum P(k)

Two NG fields may have the same P(k) and yet have completely different topologies!!!

Let g(x) = δm, Φ, δTCMB, ... 
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Non-Gaussianity: phase information

Gaussian fields have angle phases which are independently distributed 
and uniformly random in the interval [0, 2pi].

For non-Gaussian fields those phases are coupled.

Coles & Chiang , Nature 2000
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Non-Gaussianity: phase information

What happens if we reshuffle randomly the phases between Fourier 
modes of this highly non-Gaussian gravitational field?

Coles & Chiang , Nature 2000
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Non-Gaussianity: phase information

The Power spectrum is the same (no amplitude has been touched),
but the morphology is completely different!!!

Coles & Chiang , Nature 2000
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Primordial non-Gaussianity and Inflation
NON-GAUSSIANITY IS A KEY OBSERVABLE TO DISCRIMINATE AMONG COMPETING SCENARIOS 

FOR THE GENERATION OF COSMOLOGICAL PERTURBATIONS

Different Inflationary models         different levels and types of non-Gaussianity

fNL = 0: GAUSSIAN UNIVERSE AT PRIMORDIAL TIMES

Standard inflation                fNL  ~ 0, i.e. Gaussianity

fNL  << 1
fNL  >> 1

BUT

Curvaton Inflation,                 
Multi-field inflation,

Ghosts, Topological Defects, 
...        
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Primordial non-Gaussianity and Inflation
NON-GAUSSIANITY IS A KEY OBSERVABLE TO DISCRIMINATE AMONG COMPETING SCENARIOS 

FOR THE GENERATION OF COSMOLOGICAL PERTURBATIONS

Different Inflationary models         different levels and types of non-Gaussianity

Standard inflation              fNLTYPE  ~ 0, i.e. Gaussianity

fNLTYPE  << 1
fNLTYPE  >> 1

BUT

Curvaton Inflation,                 
Multi-field inflation,

Ghosts, Topological Defects, 
...        
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Primordial non-Gaussianity and Inflation
NON-GAUSSIANITY IS A KEY OBSERVABLE TO DISCRIMINATE AMONG COMPETING SCENARIOS 

FOR THE GENERATION OF COSMOLOGICAL PERTURBATIONS

Different types of PNG           different effects on the observable signals

FOR THE MOMENT,  ALWAYS PRIMORDIAL 
NON-GAUSSIANITY OF THE LOCAL TYPE

Phenomenological parameterization (local type):
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The Large Scale Structure
250 h-1 Mpc

f local
 NL

 = 0
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Pillepich et al. 2010
2010MNRAS.402,191P

Suite of 12 runs with Gaussian 
and non-Gaussian initial 
conditions!
(with Gadget-2, by Springel)

• Dark Matter only 
• 10243 particles
• Lbox = 1200 Mpc h-1 (and 150 Mpc h-1)
• Mpart = 1.2x1011 Msun h-1 (and 2.4x108 )
• fNL = -80, ...., +750 
• WMAP5 cosmology
• FOF Haloes
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A massive galaxy cluster
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Effects of (local) primordial non-Gaussianity

1.Dark Matter Halo Mass Function
2.Dark Matter Halo Bias, i.e. clustering
3.Abundance of voids
4.Density profiles of DM Haloes
5. ....

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t)

B) ON THE LSS, I.E. COLLAPSED OBJECTS

1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field
4. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc
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A) ON THE SMOOTHED DENSITY FIELD, δ(x,t) or its tracers

1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field

Effects of (local) primordial non-Gaussianity

CMB!!!
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1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field

Effects of (local) primordial non-Gaussianity

21cm Background!!! Pillepich et al. 2007

...

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t) or its tracers
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1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field

Effects of (local) primordial non-Gaussianity

21cm Background!!! Pillepich et al. 2007Pillepich et al. 2007

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t) or its tracers
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Effects of (local) primordial non-Gaussianity

1. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc

e.g. Weak lensing!! Pillepich et al. 2010

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t) or its tracers
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Effects of (local) primordial non-Gaussianity

1. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc

e.g. Weak lensing!! Pillepich et al. 2010
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Effects of (local) primordial non-Gaussianity

1.Dark Matter Halo Mass Function
2.Dark Matter Halo Bias, i.e. clustering
3.Abundance of voids
4.Density profiles of DM Haloes
5. ....

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t)

B) ON THE LSS, I.E. COLLAPSED OBJECTS

1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field
4. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc
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Effects of (local) primordial non-Gaussianity

1.Dark Matter Halo Mass Function
2.Dark Matter Halo Bias, i.e. clustering
3.Abundance of voids
4.Density profiles of DM Haloes
5. ....

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t)

B) ON THE LSS, I.E. COLLAPSED OBJECTS

1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field
4. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc

Dalal et al. 2008
Matarrese & Verde 2008

Slosar et al. 2008
Afshordi & Tolley 2008

Mc Donald 2008
LoVerde et al. 2008
Taruya et al. 2008

Valageas 2009
Maggiore & Riotto 2009

Giannantonio & Porciani 2009
Sefusatti et al. 2006, 2007, ..

....
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Effects of (local) primordial non-Gaussianity

1.Dark Matter Halo Mass Function
2.Dark Matter Halo Bias, i.e. clustering
3.Abundance of voids
4.Density profiles of DM Haloes
5. ....

A) ON THE SMOOTHED DENSITY FIELD, δ(x,t)

B) ON THE LSS, I.E. COLLAPSED OBJECTS

1. Pdf of δ(x,t)
2. n-point statistics with n>2 (bispectrum, trispectrum, ...)
3. Topology of the field
4. Non Linear Powerspectrum of δ(k,t) at k > 0.1 h/Mpc

Kang et al. 2007
Grossi et al. 2007
Dalal et al. 2008

Desjacques et al. 2008
Grossi et al. 2009

.....
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Effects of (local) primordial non-Gaussianity

Dark Matter Halo Mass Function

Pillepich et al. 2010
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Effects of (local) primordial non-Gaussianity

Dark Matter Halo Bias

Desjacques et al. 2009



Annalisa PillepichPrimordial non-Gaussianity with eROSITA Berkeley, December 9, 2011

Current Status ...

Clustering of Radio Sources, LRGs 
& quasars  5   84  NVSS, SDSS DR7, Xia et al (2011)

95% C.L.

Now)
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... and Future Perspectives

Planck: σ(fNL) ~ 5 (Jan 2013)

DES: σ(fNL) ~ 5-9 (~2015)
counts in cells of galaxy-clusters, Cunha et al. 2010
weak lensing and 2D clustering of galaxies, Giannantonio et al. 2011

EUCLID: σ(fNL) ~ 3-5 (>2020)
weak lensing and 2D clustering of galaxies, Giannantonio et al. 2011

21cm: σ(fNL) ~ 1 (20??)

Future)

eROSITA!!!
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The X-ray Telescope eROSITA

eROSITA: 
german-russian telescope
launch: Sept 2013
L2 orbit
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    ~ 105 X-ray clusters of galaxies 

• full sky (27,000 deg2)
• ctsmin = 50 photons
• Band 0.5-2 keV

eROSITA Cluster Survey

PARAMETERS: cosmological + fnl + scaling-
relation

QUANTITIES: cluster abundances + angular clustering

OBSERVABLE: raw photon counts

Photometric/Spectroscopic follow-up for redshifts... ?
(Spiders :-) , 4MOST, DES, ...?)
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Our analysis with eROSITA: Fisher Matrix Forecast
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From the Mass to the X-ray observable
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Vikhlinin et al. 2009
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From the Mass to the X-ray observable

M500

(Msun/h) photon counts 

LX

(erg/s)

TX

(KeV)

cluster 
abundances

&
clustering

Vikhlinin et al. 2009
Vikhlinin et al. 2009

TX

M
50

0

10
13

10
14

10
15

10
1

10
2

10
3

10
4

10
5

10
6

M (h⌧1 M
sun

)

ct
s 
[T

 e
xp

 =
 1

.6
 k

s]

 

 
 z = 0.01
 z = 0.10
 z = 0.36
 z = 1.01

10
13

10
14

10
15

10
1

10
2

10
3

10
4

10
5

10
6

M500

L X

M500

ph
ot

on
 c

ou
nt

s 
(T

ex
p=

1.
6k

s)



Annalisa PillepichPrimordial non-Gaussianity with eROSITA Berkeley, December 9, 2011

0.2 0.4 0.6 0.8 1 1.2 1.4
0

5

10

15

z
dN

/d
z/

de
g2   (

ct
s m

in
 =

 5
0 
[ 

T
 e

xp
 =

 1
.6

 k
s 
] 
) 
 

 
M

cut
 ~ 1 × 1013 M

 sun
 h⌧1

M
cut

 ~ 5 × 1013 M
 sun

 h⌧1

M
cut

 ~ 1 × 1014 M
 sun

 h⌧1

0.2 0.4 0.6 0.8 1 1.2 1.4
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

z

ct
s 

 [
 T

 e
xp

 =
 1

.6
 k

s 
]

 

 
M

cut
 ~ 1 × 1013 M

 sun
 h⌧1

M
cut

 ~ 5 × 1013 M
 sun

 h⌧1

M
cut

 ~ 1 × 1014 M
 sun

 h⌧1

eROSITA: selections and numbers

all s
ky

ph
ot

on
 c

ou
nt

s 
(T

ex
p=

1.
6k

s)

z z
dN

/d
z/

de
g^

2 
(c

ts
>

50
)



Annalisa PillepichPrimordial non-Gaussianity with eROSITA Berkeley, December 9, 2011

0.2 0.4 0.6 0.8 1 1.2

10
13

10
14

M
 (

h
⌧

1  M
 s

u
n
)

z

 

 

N ( >M, >z; cts
 min

 = 50)

  1.080e+
05

  8.880e+
04

  6.006e+
04

  3.341e+
04

  1.529e+
04

  5.752e+
03

  1.780e+
03

  4.53e+
02

lo
g 10

 N
 (

 >
M

, >
z;

 c
ts

 m
in

 =
 5

0)

2

2.5

3

3.5

4

4.5

5

0.2 0.4 0.6 0.8 1 1.2

10
13

10
14

0.2 0.4 0.6 0.8 1 1.2 1.4
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

z

ct
s 

 [
 T

 e
xp

 =
 1

.6
 k

s 
]

 

 
M

cut
 ~ 1 × 1013 M

 sun
 h⌧1

M
cut

 ~ 5 × 1013 M
 sun

 h⌧1

M
cut

 ~ 1 × 1014 M
 sun

 h⌧1

eROSITA: selections and numbers

all s
ky

ph
ot

on
 c

ou
nt

s 
(T

ex
p=

1.
6k

s)

z z
M

50
0



Annalisa PillepichPrimordial non-Gaussianity with eROSITA Berkeley, December 9, 2011

Dark Matter Halo Bias

Effects of local primordial non-Gaussianity

Dark Matter Halo Mass Function1)

II)

Abundances of clusters

Spatial clustering of clusters
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Our models of reference

Mass Function: 

Halo Bias:  

Tinker et al. 2008

LoVerde et al. 2008

eROSITA forecasts 3

a strong k-dependence appears in the quasi-linear and
non-linear regime at small scales (k ! 0.1 Mpc−1h), e.g.
Smith et al. (2007),Manera et al. (2010). It has recently
been realized that primordial non-Gaussianity of the lo-
cal type introduces a scale-dependent large-scale bias in
the clustering properties of massive DM halos ((?)). This
is a consequence of the fact that large and small-scale
density fluctuations are not independent when f local

NL != 0.
We thus extend the expression for the DM-halos bias to
non-Gaussian scenarios following ??:

b(k, M, z) = (1 + bPBS) + f local
NL bPBS

Γ

α(k, z)
. (14)

bPBS is the eulerian bias within the Peak-Background
split theory, consistent with the adopted Gaussian or
non-Gaussian mass function f :

bPBS = 1 −
1

δc

dlnf

dlnσ−1
(15)

where f(σ, z) of Eq.(2) may depend on the primordial
non-Gaussianity through the correction illustrated in
Eq.(10).
In Eq.(14), the different factors read Γ = 3 δc Ωm H2

0/c2

and α(k, z) = k2 T (k)D(z) g(0)/g(∞), where T is the
linear matter transfer function, δc is the critical density
fixed for us at 1.686, and g(z) is the growth factor of
the potential perturbations. We adopt throughout this
paper the prescription for the non-linear matter power
spectrum by Eisenstein & Hu (1998).
We assume that the bias of DM halos of a given mass
M500 is a precise estimate of the bias of the X-ray
clusters of mass M500.

3. FROM THE THEORETICAL QUANTITIES TO THE
OBSERVABLE PHOTON COUNT FUNCTION AND BIAS

In the eROSITA survey, like in any other survey, the
mass of the galaxy clusters is not an observable. More-
over, the clusters will, in practice, not be detected based
on their X-ray flux but rather (to first approximation)
based on the number of X-ray photons registered on the
detectors. There is no one-to-one correspondence be-
tween X-ray count rate and flux since the conversion de-
pends on the spectrum. This is one of the reasons why
we prefer to work with an eROSITA photon count limit
rather than a flux limit in our analysis.
In order to translate theoretical quantities such as M500

to the raw photons counts effectively collected in the de-
tector (cts), a series of conversion has to be taken into
account:

M500 → [LX , TX ] → cts

where LX denotes the X-ray luminosity (erg/s) and TX

the average temperature of the intracluster gas (keV).
The mass function of Eq. (2) has to be converted in a
raw-count function:

dn

dM500
→

[

dn

dLX
,

dn

dTX

]

→
dn

dcts
.

In full generality, given the relation between two observ-
ables X and Y , the conversion can be performed as fol-
lows:

• in case of negligible scatter in the Y − X relation,
dn

dY
=

dn

dX

dX

dY
, (16)

• in case of important scatter in the Y − X relation
a convolution is needed:

dn

dY
(Y ∗) =

∫

dn

dX
(X) P (Y ∗|X) dX, (17)

where P (Y |X) denotes the probability distribution func-
tion around the mean of the Y − X relation, i.e. the
conditional probability of getting Y after that X is
given. Notice that taking into account the scatter in
the mean relations reveals fundamental at the high-mass
tails, where effects of primordial non-Gaussianity are im-
portant.
Given the relation between two observables X and Y ,
the variable transformation for a function which is not a
distribution can be performed as follows:

• in case of negligible scatter in the Y − X relation,

bY (Y ∗) = b(f −1(Y ∗)), , (18)

where f denotes the mean relation Y −X , namely
Y = f(X);

• in case of non-negligible scatter in the Y −X rela-
tion a convolution is needed:

bY (Y ∗) =

∫

b(X) dn
dX (X) P (Y ∗|X) dX

∫

dn
dX (X) P (Y ∗|X) dX

. (19)

The previous expressions must be used to convert the
bias of the X-ray custers of Eq.(14) from a function of
masses to a function of raw counts. In the following, we
summarize the specific choices adopted to perform all the
subsequent steps of the chain.

3.1. Luminosity-Mass relation

To connect cluster masses to X-ray luminosities, we re-
fer to the LX−M500 relation obtained by Vikhlinin et al.
(2009) through the observation of a set of Chandra galaxy
clusters with median redshift of about 0.5, in the (0.5–
2.0) keV rest frame band:

µL ≡ lnLX =βLM + αLM ln(M500/3.9 × 1014) + γLM lnE(z)

−0.39 ln(h/0.72)± 0.396, (20)

where the slope αLM = 1.61 ± 0.14, the normalization
βLM = 101.483±0.085, and the redshift-dependence fac-
tor γLM = 1.850± 0.42. The last term on the right hand
side indicates the observed scatter in LX for fixed M in
the log-log plane. Such a scatter is actually log-normal
distributed, as follows:

P (lnLX |M) =
1

√

2πσ2
lnL

exp

[

−
(lnLX − µL)2

2σ2
lnL

]

(21)

where σlnL = 0.396 ± 0.039. This corresponds to a rela-
tive error of ∼ 48%.
In order to perform our statistical analysis marginalizing
over the parameters of Eq.(20), that very equation must
be written fixing a pivot, and thus minimizing the corre-
lations among the errors of slope and normalization. Is it
the one corrected for the Malmquist Bias? Never really
found....

(Desjacques et al. 2009 v3, Giannantonio & Porciani 2010)
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Optimization

Without redshift, no chance!
This due to degeneracies:

ΔfNLconditional ~ 9;  Δσ8conditional  ~ 10-4
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Results with eROSITA: flat ΛCDM
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by a factor 7-37! 

Self-Calibration is ambitious!
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Results with eROSITA: self-calibration
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Results with eROSITA: self-calibration

+ h, Ωb and X-ray scaling relation parameters ...
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Where does the information come from?
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Playing in the parameter-space

The all-sky survey is the best ;-)
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Primordial non-Gaussianity beyond the Local Model

bias ∝
 k

-2 

bias ∝
 k

-1 

bias ∝
const 

fNL
local has the biggest effects, 

thus the best constraints
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.... more details on Pillepich et al. 2011, submitted

• With eROSITA, good constraints on the primordial non-Gaussianity will be 
obtained, also with self-calibration and without priors.

• The information comes in major part from the large-scale scale-dependent effect of 
fNLlocal  on the clustering of collapsed objects

• Knowledge of individual redshifts is fundamental to break the degeneracies 
among parameters, both with counts and clustering

• eROSITA will contribute to further shrink Planck constraints on ΛCDM parameters

• Primordial non-Gaussianity does not sensibly degrade the best cosmological 
constraints from abundance and clustering of clusters! BUT the Luminosity-Mass 
observable parameters do!

Concluding...

Thanks!


